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We investigate the link between superconductivity and atomic vibrations in Nb3Sn films with a thickness
ranging from 10 to 50 nm. The challenge of measuring the phonon density of states (PDOS) of these films has
been tackled by employing the technique of nuclear inelastic scattering by 119Sn isotopes to reveal the Sn-partial
phonon density of states. With the support of ab initio calculations, we evaluate the effect of reduced film
thickness on the PDOS. This approach allows us to estimate the changes in superconducting critical temperature
Tc induced by phonon confinement, which turned out to be limited to a few tenths of K. The presented method is
successful for the Nb3Sn system and paves the way for more systematic studies of the role of phonon confinement
in Sn-containing superconductors.
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I. INTRODUCTION
Conventional superconductivity is one of the most promi-
nent examples of electron-phonon coupling in solids. In the
framework of the BCS theory, the critical temperature Tc is
intimately related to the phonon spectrum of the superconduct-
ing material1 through the electron-phonon coupling constant
λ. In turn, λ depends on the Eliashberg function α2F (E),
where α2(E) is the electron-phonon coupling characteristic
and F (E) is the phonon density of states (PDOS). Since
Tc is directly linked to λ, the precise shape of the PDOS
determines the Tc of the superconductor. In the 1970s and
1980s, considerable efforts have been made to determine the
shape of the Eliashberg function of different materials.2,3
The electron-phonon coupling has specifically been studied
in Nb3Sn bulk crystal, Nb3Sn being one of the conventional
superconductors with the highest Tc (18 K). Phonon softening
was observed at low temperature and has been widely studied
in connection with superconductivity.4–6 In particular, it has
been shown that the superconducting gap could have an
influence on the phonon linewidth. It was observed that the
linewidth of acoustic phonons with an energy smaller than the
superconducting gap decreases below Tc.4 This effect could be
used to estimate the strength of the electron-phonon coupling
in Nb3Sn and its influence on the phonon linewidth. Even
though these studies were carried out on bulk materials, it
always remained difficult to obtain α2 and F separately.
During the last two decades, the investigation of super-
conductivity has moved towards nanoscaled and confined
systems. In particular, electron confinement and electronic
level quantization have attracted a lot of interest.7–9 When
the confinement is strong, i.e., for critical sizes smaller than
the coherence length or the London penetration depth, the
Tc and the critical field Hc can be significantly modified.
However, both the electron density of states at the Fermi
level and the phonon density of states play an important
role in conventional superconductors. The influence of phonon
confinement on superconductivity has been nicely illustrated
by the work of Strongin et al., who proposed to engineer
the PDOS to manipulate Tc.10 They postulated that proper
“phonon engineering” would allow one to increase the Tc of
superconductors such as Nb, Pb, and Nb3Sn by more than
50%. This was supposed to be achieved by nanostructuring
the superconductors, for example by forming ultrathin (a few
nm) sheets of material. In general, phonon softening effects are
expected to increase Tc in thin films or nanoparticles. However,
in most cases, it turns out to be difficult to quantify this effect
due to the lack of knowledge on the PDOS of these nanoscale
objects.
There are in fact a few good reasons for the lack of
understanding of the interplay between electron and phonon
confinement. First, one needs to disentangle electron and
phonon effects. This is partly due to the fact that electron
tunneling experiments, which have been used to measure α2F ,
are intrinsically influenced by electronic effects and do not
allow an independent measure of F .11 Another issue is that it is
experimentally challenging to measure the PDOS of ultrathin
films or nanostructures. Inelastic neutron scattering, which
has traditionally been used to obtain the dispersion relations
of bulk superconductors, cannot be applied due to the lack of
scattering volume. Infrared or Raman scattering cannot cover
the full energy spectrum of the PDOS and electron probes are,
as mentioned, too sensitive to electronic effects or/and suffer
from a limited probing depth.
The technique of nuclear resonant inelastic x-ray scattering
(NRIXS), which is based on a phonon-assisted resonant
excitation of a nuclear level in Mo¨ssbauer isotopes such as
57Fe and 119Sn,12 has evolved in the last decade up to the
point that experiments on a single atomic layer of material (at
the 57Fe resonance) can be carried out.13 Achieving similar
sensitivity at the 119Sn resonance remains challenging, but it
nevertheless opened up the possibility to measure the phonon
density of states of Sn-containing nanoscale superconductors.
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FIG. 1. (Color online) (a) RBS spectra recorded on Nb3Sn films
of different thicknesses. (b) Sn concentration in the Nb1−xSnx films.
In this article, we present a study of the lattice dynamics
and superconducting properties of Nb3Sn films as a function of
the film thickness. The Sn-partial PDOS is measured at room
temperature and at low temperatures (15 K, 25 K) by nuclear
inelastic scattering. The experimental results are supported by
ab initio calculations to obtain the full PDOS. We estimate
the change in Tc which results from the phonon confinement
using the McMillan expression. This approach allows us to
clearly quantify the phonon contribution to the change in Tc in
the Nb3Sn films and demonstrate the power of the approach to
study phonon effects in nanoscale superconductors.
II. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION
The Nb3Sn films have been grown by molecular beam
epitaxy co-deposition at 750 ◦C on MgO(100) substrates.
The high deposition temperature is necessary to induce
good superconducting properties of the Nb3Sn films.14 Nb
was evaporated from a calibrated and ion flux monitored
electron beam source, whereas isotopically enriched 119Sn
was evaporated from a calibrated Knudsen cell. Samples with
thicknesses ranging from 5 to 100 nm were grown. All samples
have been covered with a 8 nm Si layer to prevent oxidation
in air.
The stoichiometry of each sample was investigated by
Rutherford backscattering spectrometry (RBS). Figure 1(a)
shows selected RBS spectra for different layer thicknesses.
The Sn concentration x in the Nb1−xSnx films, shown in
Fig. 1(b), is close to the desired value of 0.25 for most of
the samples. The effect of off-stoichiometry on the lattice
dynamics and superconductivity will be discussed below.
We used grazing incidence x-ray diffraction (XRD) mea-
surements to investigate the crystalline quality of the samples.
The incidence angle was set to 3◦. Rietveld refinements15 of
the XRD patterns using the MAUD software16 allowed us to
FIG. 2. (Color online) Grazing incidence x-ray diffraction pat-
terns recorded on the 10 nm and 50 nm Nb3Sn films. The solid red
lines are fits resulting from the Rietveld refinement.
extract information about the crystallite size, i.e., the average
coherently diffracting domain size, and texture of the samples.
The patterns of the 10 nm and 50 nm samples, together with
their fits, are shown in Fig. 2. The most obvious feature
is the broadening of the XRD peaks for the 10 nm sample.
The refinement procedure shows that the average crystal size
is about 10 and 19 nm for the 10 and 50 nm thick layer,
respectively. Since grazing incidence XRD has been used,
the obtained crystallite sizes account for the average sizes
along directions perpendicular to atomic planes which are not
parallel to the sample surface. Therefore, this partially provides
in-/out-of-plane structural characteristics. This means that the
samples have small crystallites of maximum 20 nm size. The
lattice parameters are found to be 0.5296 nm and 0.5285 nm
for the 10 nm and 50 nm samples, very close to the bulk value
of 0.5290 nm. The samples do not display strong texture,
indicating that the grains are rather isotropically oriented. The
nonappearance, in both samples, of the (110) superlattice peak
at 2θ = 24◦ shows that the alloy does not display long-range
chemical ordering.
III. SUPERCONDUCTING PROPERTIES
The superconducting phase boundary of the samples was
measured by SQUID magnetometry. The magnetic field was
applied perpendicular to the sample surface. A typical phase
boundary (for the 50 nm sample) is shown in Fig. 3(a).
Figure 3(b) shows the Tc for the different samples. The Sn
stoichiometry obtained from the RBS data is also plotted. For
the two samples with the most deviating stoichiometry, i.e., the
20 and the 40 nm samples, a large drop in Tc is observed. This
clearly illustrates the correlation betweenTc and stoichiometry,
which is well known for Nb3Sn.17 Indeed, Sn deficiency leads
to a large drop of Tc as soon as the Sn concentration is
below 0.23. A guide to the eye of the trend in Tc, ignoring
the off-stoichiometric samples, is shown as a dashed line.
According to this trend, Tc starts to drop significantly for
thicknesses below 20 nm. Since we know from XRD that the
crystallite size decreases drastically for layers thinner than 20
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FIG. 3. (Color online) (a) Superconducting phase boundary for
the 50 nm sample measured with SQUID magnetometry in a
perpendicular field. (b) Evolution of Tc with thickness. The sudden
drop in Tc corresponds to the samples with off-stoichiometric Sn
concentration. The dashed red line is a guide to the eye. (c)
Perpendicular superconducting coherence length ξ (0). Thin-film
effects start to appear below 20 nm.
nm, this behavior underscores the link between the crystallite
size and Tc. From the slope of the phase boundary, we estimate
the 0 K in-plane superconducting coherence length ξ (0) using
the following equation:
ξ (0) =
√
φ0
2πTcdHc/dT
.
The result is shown in Fig. 3(c). ξ (0) starts to increase
significantly for layers thinner than or equal to 20 nm. It
should be noted that although Tc for the 20 nm sample is
smaller because of the off-stoichiometry, the coherence length
does not change significantly yet. The departure from the bulk
value for ξ (0) appears once the sample thickness becomes
equal to or smaller than ξ (0) itself. This indicates a strong
effect of the crystallite size on electron confinement.
IV. PHONON DENSITY OF STATES
The goal of the PDOS measurements is to relate the
observed phonon confinement to the change in Tc. With this
information, it will become possible to quantify the role of
electrons and phonons on the evolution of Tc. Since the nuclear
inelastic scattering technique is only sensitive to the Sn partial
PDOS, ab initio calculations have been used to obtain the full
PDOS as well as the Sn-partial PDOS.
FIG. 4. (Color online) Partial and total phonon density of states
obtained from the ab initio calculations.
A. Ab initio calculations
We performed ab initio calculations using the ABINIT18
package. A plane-wave basis has been used with Troullier-
Martins pseudopotentials21 and the local-density approxima-
tion (LDA) as the exchange-correlation potential. A 4×4×4
Monkhorst-Pack19 grid was used to sample the Brillouin
zone. Phonons were calculated within density-functional
perturbation theory.20 The PDOS was obtained on a Fourier
interpolated 40×40×40k-point grid. The PDOS was separated
in a Nb and Sn contribution as shown in Fig. 4. This will be
used to compare with the NRIXS data which provide only the
Sn-partial PDOS. After comparison with the experiment, these
calculated PDOS will be used to estimate the Tc.
B. Nuclear inelastic scattering
The Sn partial PDOS have been measured by NRIXS.
The preliminary feasibility experiments were carried out at
the ID22N nuclear resonance outstation of the European
Synchrotron Radiation Facility.22 However, the measure-
ments which are presented here have been done at sector
3-ID of the Advanced Photon Source.12 The high-resolution
monochromator had a resolution of 1 meV.23 We used a
grazing incidence scattering geometry with an incident angle
set below 1◦ to maximize the signal in the inelastic detector.
To match the sample footprint in grazing incidence, the beam
was focused down to 10 μm using Kirkpatrick-Baez mirrors.
Measurements have been carried out at room temperature for
the full series of samples and at 15 and 25 K for the 10 nm and
50 nm samples. The low temperature experiments have been
carried out in a He-flow cryostat.
The PDOS measured at room temperature are shown in
Fig. 5. The overall shape of the PDOS remains similar for all
thicknesses. The main systematic change is a gradual decrease
of the intensity of the optical phonon mode at 25 meV. Such a
decrease of the high energy phonon modes is often observed
in metallic nanostructures or surfaces.13,24,25 To quantify this
effect in detail, we will use the input of the theoretical
calculations presented in the previous subsection.
In the following, we consider the 50 nm sample as a
“bulk” reference, since it is reasonably thick and has better
stoichiometry than the 100 nm sample. If we overlay the
measured PDOS for the 50 nm sample with the theoretical
curve, we see that the experimental spectra show much broader
features, as shown in Fig. 6. In the NRIXS experiment, the ex-
perimental resolution function is given by the energy spectrum
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FIG. 5. (Color online) Phonon densities of states recorded at
room temperature for Nb3Sn films of different thicknesses. The red
solid lines are the theoretical result after application of the damped
harmonic oscillator model as explained in the text.
of the photons after the high-resolution monochromator. In
our experiment, the resolution was close to 1 meV full width
at half maximum. The convolution of the theoretical curve
with the resolution function should in principle reproduce the
measured spectra. However, at the peak around 25 meV the
correspondence between calculations and experiment is not
very good, as shown in Fig. 6. The peak in the theoretical
curve is shifted slightly to higher energy and still narrower than
the experimental data. Here, we hit one of the limitations of
ab initio calculations, which use the harmonic approximation
to calculate the phonon spectrum. This implies an infinite
phonon lifetime. In a real system, this lifetime will be reduced
due to various factors such as the anharmonicity of the
atomic potential, the presence of defects, boundaries, and
electron-phonon coupling. Thus, a more appropriate way to
compare theory with experiment is to introduce a finite phonon
lifetime. This point will be discussed in more detail for a
FIG. 6. (Color online) Comparison of the experimentally mea-
sured PDOS at 300 K with the raw theoretical calculation and the
result of convolution with a 1 meV resolution function. The result of
the application of the damped harmonic oscillator (DHO) model is
also shown.
variety of systems.26 The effect of finite phonon lifetime can
be approximated by applying a damped harmonic oscillator
(DHO) model to the ab initio calculated phonon spectrum.27
This phenomenological model describes the “damping” of
the phonons; i.e., it provides a finite phonon lifetime, which
leads to a broadening of the phonon lines. Mathematically, this
process is described as a convolution of the original PDOS
with an appropriate broadening function D(E,E∗):
FDHO(E∗) =
∫
D(E,E∗)F (E)dE. (1)
In the case of a phonon lifetime decrease, it has been shown
that the damped harmonic oscillator function is a good choice
for D(E,E∗):27,29
D(E,E∗) = 1
πQE∗
1(
E∗
E
− E
E∗
)2 + 1
Q2
, (2)
where Q is the quality factor, which describes the number
of periods a phonon will remain in a given state. Hence,
the lower the value of Q, the shorter the lifetime and the
larger the broadening. This function is essentially a Lorentzian
with a width that increases with E∗, meaning that the PDOS
features become broader at higher energy. The final PDOS to
be compared to our experimental data is thus constructed by
convolution of the theoretical PDOS with the DHO function
in Eq. (2). The experimental resolution function is then
convoluted with the resulting spectrum to reproduce the actual
measurement conditions. In this model, only the Q factor is
adjusted to provide the best match between the theoretical and
experimental PDOS. The result for the 50 nm film is shown in
Fig. 6. A very good match between theory and experiment is
found for Q = 23.
We have applied the DHO model to fit all the recorded
PDOS. The result is shown as the solid red lines in Fig. 5. The
extracted Q factors (Fig. 8) give a measure of the evolution
of the phonon lifetime as a function of film thickness. One
can notice that the PDOS and the obtained Q do not strongly
depend on the film stoichiometry. This means that the change in
Tc observed for off-stoichiometric films does not correlate with
a change of the phonon spectrum. Hence, the off-stoichiometry
seems to affect mainly the electron density of states rather than
the PDOS.
There are a number of factors that can affect the phonon
lifetime in solids. Anharmonicity in the atomic potential is
FIG. 7. (Color online) PDOS of the 50 nm sample recorded at
15 K and 300 K. The lines are theoretical calculations convoluted
using the DHO model.
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FIG. 8. (Color online) Quality factor Q obtained by fitting the
experimental Sn partial PDOS with the theoretical curves.
typically expected to decrease the lifetime. However, this
process is temperature dependent and a stronger damping
should occur as the temperature is increased.28 We have
measured the PDOS at 15 K and 25 K for the 50 nm and 10
nm samples. The typical differences between 25 K and 15 K is
shown for the 50 nm film in Fig. 7. The corresponding Q values
are shown in Fig. 8. These Q values are equal to or even smaller
than those obtained at room temperature. This clearly speaks
against anharmonic effects to be responsible for the observed
broadening. Another source of reduction in the phonon lifetime
originates from a smaller grain size. The DHO model has
been used to describe size effects in metal nanostructures.29,30
Indeed, the lifetime in nanostructures is expected to decrease
due to the smaller mean-free path induced by the smaller
crystallite size. In Fig. 8, we observe that Q starts to decrease
already for thicknesses below 50 nm. Since the crystallite size
(∼20 nm) is much smaller than this film thickness, we expect
that the decrease of Q (which occurs without a significant
decrease of the crystallites size) is indicative of the presence
of more defects in the film as the thickness decreases. Finally,
electron-phonon coupling effects, which are known to have a
strong influence on the phonon linewidth in Nb3Sn,4,5 could
not be quantified in this study. It is presently not possible to
achieve a low enough temperature without compromising the
measurement scheme for NRIXS. However, at this stage we
believe that the increased damping observed for thinner films
is most likely not related to a change in the electron-phonon
coupling properties of the film but rather due to the decreasing
grain size or the increase of defects within the film. Even
though the grain size is already as small as 10 nm (for the
10 nm sample), we see only a limited change in the phonon
spectrum. We can thus expect that phonon effects are not likely
to have a large influence on Tc.
As shown in Fig. 7 for the 50 nm sample, there is a slight
decrease of the intensity of the optical phonon peak at 15 K
compared to the 25 K measurement, which leads to a decrease
of the quality factor used in the DHO model, as shown in Fig. 8.
The low-energy part of the spectrum also becomes softer and
matches better the theoretical prediction. It is rather surprising
that this softening and decrease of Q appears only at 15 K
while the 25 K PDOS is closer to the room temperature one.
It should be noted that 15 K is just below the measured Tc of
the 50 nm sample. However, it was not possible to check in
situ whether the sample was effectively in the superconducting
state. We can thus not establish if the observed change in PDOS
is connected to superconductivity and to the modification of the
phonon linewidth reported by Axe and Shirane.4 The PDOS of
the 10 nm sample at 15 and 25 K does not display any change
compared to the room temperature curve, the reason why they
all have the same Q in Fig. 8.
V. DISCUSSION
With the obtained PDOS, we can calculate how the
decreased phonon lifetime affects Tc. For that purpose, we
use the formalism outlined by Markiewicz,31 which is based
on the McMillan expression for λ:
λ = 2
∫
α2(E)F (E)
E
dE. (3)
Tc is then defined as
Tc = 0.25〈
2〉1/2
(e2/λeff − 1)1/2 , (4)
where λeff depends on λ, which is calculated from Eq. (3).
〈2〉 is the characteristic phonon frequency defined by
〈2〉 = 2
λ
∫
α2(E)F (E)EdE. (5)
In order to calculate Tc using the theoretical PDOS for F (E),
we thus only need to fix the shape of α2(E), which is
approximated in Nb3Sn by an exponential decay of the form31
α2(E) = α20e−E/E0 . (6)
Regardless of the exact value of α20 and E0, this equation
essentially tells us that the soft modes will have a larger
weight than the high-energy modes. It should be noted that
α2(E) is not determined in a direct way but rather obtained by
calculating the ratio between a PDOS measured by neutron
scattering and an Eliashberg function α2F measured by
electron tunneling on different samples.32,33 There is in general
still uncertainty on the precise shape of α2(E).
As input for Eqs. (3) and (6), we use the calculated PDOS
for Nb3Sn (not the partial PDOS), onto which the DHO model
with the appropriate Q determined from fitting the partial
PDOS is applied. The other parameters are fixed to the values
used by Markiewicz and represent bulk properties; i.e., α20 =
35 meV, E0 = 13 meV, and μ∗ = 0.157. The result shown in
Fig. 9 indicates that the phonon damping effects contribute to
a decrease of Tc of as much as 0.35 K for the 10 nm sample,
compared to the thick film. This phonon-induced decrease of
Tc (calculated Tc) is compared with the Tc measured by SQUID
in Fig. 9. We also show the experimental Tc from which phonon
effects are subtracted, which clearly present the relatively low
impact of the phonons on the measured Tc.
With the latter development, we have isolated the contribu-
tion of phonons to the change in Tc in the Nb3Sn films. This
contribution is relatively small in the studied thickness range,
which indicates that electronic confinement is predominant.
However, the presented result allows us to observe in a direct
and clear way the contribution of the phonons on Tc. The
results also show that the effect of reduced dimensions on the
phonon spectrum does not necessarily lead to an increase of Tc.
Whether Tc will increase or not will depend on how the phonon
spectrum is modified but also on which part of the spectrum
045437-5
S. COUET et al. PHYSICAL REVIEW B 88, 045437 (2013)
FIG. 9. (Color online) Tc calculated using the McMillan formula
using the theoretical calculations convoluted with the appropriate
DHO function. Phonon damping results in a decrease in Tc of as
much as 0.35 K for the 10 nm sample. The SQUID recorded Tc
is shown together with an hypothetical correction induced by the
phonons. This clearly shows that phonon damping effects play only
a minor role in the observed decrease of Tc.
contributes more effectively to the electron-phonon coupling,
i.e., what is the shape of α2. As such, this work also highlights
the importance of an accurate determination of α2, in addition
to accurate PDOS measurements. Only by decoupling these
terms in the Eliashberg function α2F , one can assess whether
α2 is modified in nanostructured superconductors.
VI. CONCLUSIONS
We have investigated the relationship between film thick-
ness, superconductivity, and phonon density of states in Nb3Sn
films. The PDOS measurements show a damping of the high-
energy phonon modes in the thinner films. This effect can be
reproduced by applying a damped harmonic oscillator model
to the theoretical PDOS obtained by ab initio calculations.
This broadening is expected to be due to the decreasing grain
size and/or increasing number of defects in the thinner films.
Thanks to the good match of theory and experiment for the
Sn partial PDOS, we can use the calculated full PDOS to
estimate the change in Tc solely due to the phonon effects in
the thin film. We observed that these changes induce a decrease
of the Tc with decreasing film thickness which is moderate
compared to the observed change in Tc. Our findings allow us
to separate and quantify the role of both phonon and electron
confinement effects, the latter of which are in this case more
prominent. The method for obtaining the PDOS and comparing
with theory proves efficient to evaluate the role of phonons in
nanoscale superconductivity. As such, new experiments can
be envisioned, based on the 119Sn resonance, to study phonon
effects in Sn-containing superconductors.
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